Abstract: A number of techniques exist to use an ensemble of atoms as a quantum memory for light. Many of these propose to use backward retrieval as a way to improve the storage and recall efficiency. We report on a demonstration of an off-resonant Raman memory that uses backward retrieval to achieve an efficiency of 65 ± 6% at a storage time of one pulse duration. The memory has a characteristic decay time of 60 µs, corresponding to a delay-bandwidth product of 160.
Introduction
Developing quantum memories for light is an important challenge for implementing long-distance quantum networks [1, 2] or optical quantum computers [3, 4] . To this end, a wide variety of memory platforms and protocols have been developed to store and retrieve photons or other quantum states of light. Many of these rely on absorbing or scattering the information carried by the light into an ensemble of atoms in such a way that it can be converted back into light at a later time. One of the difficulties to doing so efficiently is that, once retrieved, the light may be re-absorbed by atoms in the ensemble. To avoid re-absorption, most quantum memory protocols use either backward retrieval [5] [6] [7] or a spatial inversion of the ensemble [8, 9] to exploit a timereversal symmetry in the dynamics of the light-atom system [10] [11] [12] [13] . While higher recall efficiencies can in principle be achieved using backward retrieval, most experimental demonstrations of memory protocols use forward retrieval for simplicity.
One protocol that shows particular promise for the storage of high-bandwidth quantum information is the off-resonant Raman memory. This technique uses a strong, pulsed optical control field to coherently scatter a weaker signal field, encoding the information carried by the signal into a long-lived spin state of the atomic ensemble. A second control field pulse scatters the stored information back into an optical signal. This approach with forward retrieval has been used to demonstrate single-photon [14] , high-fidelity [15] , or multimode [16] memories in warm atomic vapour, quantum memory in hollowcore fibres [17] , and terahertz-bandwidth storage in molecules [18] and diamond [19] . Raman memory has also enabled the storage of polarisation entanglement in cold atomic ensembles [20] . Specifically in this protocol, backward retrieval maximises the use of the optical depth of the ensemble on the storage and retrieval steps, whereas forward-retrieval schemes necessarily compromise on each of these to maximise the overall efficiency [10] .
Here we report the first demonstration of an off-resonant Raman memory that uses backward retrieval. We implement the memory using a cloud of cold atoms with an optical depth (OD) of 300. We achieved a recall efficiency of 65 ± 6% and, under different conditions, a delay-bandwidth product of 160. It is the first reported Raman memory with an efficiency above 50%, which is an important criterion for unconditional security in quantum communication protocols [21] .
Atomic ensemble preparation
Preparation of cold atoms A 5 cm-long cloud of rubidium-87 atoms is prepared using an elongated magneto-optical trap with dynamic control of the magnetic gradient, cooling beam frequency and repump intensity.
The two-dimensional magneto-optical trap consists of a set of coils for radial confinement with a magnetic gradient of 6 G cm −1 , completed by a pair of coils for longitudinal capping, and three retro-reflected two-inch-diameter cooling beams that intersect at the zero-magnetic-field location. The atomic transitions involved in the ensemble preparation is shown in Fig. 1 . A 20 ms sequence further compresses and cools the ensemble by employing the temporal dark spontaneous-force optical trapping (SPOT) technique [22] . Simultaneously, the current in the radial confinement coils is increased to reduce the size of the trap and compress the atoms, thereby increasing the axial optical depth. The Earth's magnetic field is cancelled by a set of three orthogonal 1-meter-diameter coils and a uniform bias magnetic field of 0.5 G is applied along the optical axis direction to lift the degeneracy between the Zeeman sub-levels and the atoms are transferred to the |1 = |5S 1/2 , F = 2, m F = +2 edge state using a ∼0.7 mW cm −2 σ + -polarised optical pumping beam at the same frequency as the cooling beam, along the quantisation axis. trapping repump optical pumping Fig. 1 . The atomic level configuration. Trapping is performed with light that is red-detuned from the |5S 1/2 , F = 2 → |5P 3/2 , F = 3 transition and a repump is applied on the |5S 1/2 , F = 1 → |5P 3/2 , F = 2 transition. After trapping and compression of the ensemble, a σ + -polarized optical pumping beam is applied to the |5S 1/2 , F = 1 → |5P 3/2 , F = 2 transition in conjunction with the repump to populate the |5S 1/2 , F = 2, m f = +2 state. Inset: Left: A signal E + traverses an elongated atomic cloud where a two-photon resonant control beam Ω + converts it to a collective atomic excitation. Right: A backward-propagating control beam Ω − subsequently retrieves the signal in the backward direction, as E − .
See Fig. 2 for the detailed sequence of the ensemble preparation parameters.
Machine-learned compression-and-cooling sequence For an enhanced compression, cooling and optical pumping sequence, control over the time profile of the cooling frequency, repump frequency and magnetic gradient is given to a machine-learning algorithm. The ensemble compression phase is divided into 20 time bins of 1 ms. The values of the repump frequency and magnetic gradient at each time bin are parameterised to linear ramps only. During the temporal dark SPOT the repump frequency is red-detuned from resonance by 32 MHz. The trapping frequency is divided into 5 time bins over a period of 1 ms during a polarisation-gradient cooling (PGC) and optical pumping phase, which we call the preparation phase. The values at these points are not restricted to a ramp and can be changed independently. The machine-learning optimisation is based on a learner which uses a Gaussian process to infer a statistical model [23] . A similar method has recently been used to optimise the evaporative cooling of a Bose-Einstein condensate [24] , but also dynamical decoupling [25] and feedback control of a qubit [26] .
A probe pulse close to resonance on the |1 → |5P 1/2 , F = 1 transition replaces the signal in the experiment sequence, shown in Fig. 2 . The absorption of this probe is monitored by a detector (Thorlabs APD120A) placed in the beam path after the atoms, which we call the forward detector, whose signal is used as feedback for the machine-learning algorithm. The amount of absorption is linked to the OD. We define transmission to be the cost function, which is actively minimised.
The experimental conditions vary noticeably over days. The optimal parameters for cooling and compression are investigated once a day, before each memory run. A typical profile of the resulting compression and preparation sequence is presented in Fig. 2 .
Backward-Raman memory
Memory scheme, relevant transitions The Raman memory scheme consists of converting an incoming signal light pulse into a spin-wave between the two hyperfine ground levels of rubidium 87: |1 = |5S 1/2 , F = 2, m F = +2 and |2 = |5S 1/2 , F = 1, m F = 0 . The signal, denoted E + , is blue-detuned by 230 MHz from the transition |1 → |3 = |5P 1/2 , F = 1, m F = +1 . A forward-propagating control, denoted Ω + , equally detuned from |2 → |3 , forms an angle of ≈ 6 mrad with the signal. The Ω + control maps the signal onto a spin-wave. A symmetrically(red)-detuned control, Ω − , is a mirror image of Ω + . Ω − addresses the spin-wave and couples it to the 230 MHz-red-detuned signal, noted E − , which is the counter-propagating version of E + in the same spatial mode (see Fig. 3 ).
Control and signal laser light is provided by a titanium-sapphire laser (MSquared SolsTiS) which is frequency-locked to the saturated absorption of the |2 → |5P 1/2 , F = 1 transition of rubidium-87 around 795 nm. Light resonant with the |1 → |5P 1/2 , F = 1 transition is obtained from filtering out the +6.8 GHz sideband of an EOM-phasemodulated beam. Acousto-optical modulators enable independent temporal pulse shaping of the signal and the forward and backward control beams. Fig. 3 . The signal E + traverses the atomic cloud where a two-photon resonant control beam Ω + converts it to a collective atomic excitation. A reference without atoms or the fraction which is not absorbed is monitored on the right-hand detector. A backward-propagating control Ω − subsequently retrieves the signal in the backward direction, as E − which is sent to the left-hand detector.
Storage-and-retrieval efficiency
A Gaussian-shaped signal pulse with a full width at half-maximum of 5 µs is coherently mapped onto the atomic ensemble and subsequently recalled in the backward direction with a pair of forward and backward Gaussian-shaped control pulses. The width, delay, and intensity of the forward control pulse for storage is optimised to minimise the leakage of signal light through the atoms. We found that the optimal storage control pulse had a width of 9 µs and preceded the signal pulse by 5 µs. The retrieval control pulse, backward-propagating, is given the same shape as the optimal storage pulse, and with a larger intensity [11] .
The memory efficiency is defined as the ratio between the integration of the retrieved signal on the backward detector and the signal without atoms on the forward detector, corrected for the detection losses and sensitivities. The highest reproducible memory efficiency after a storage time of one pulse width is found to be (65 ± 6)%. The large uncertainty is owed to the necessary imperfection of the measurement of the optical losses on the two different detection paths.
This figure more than doubles the previous recorded efficiency of 30% for an optical Raman memory and also outperforms the maximum achievable efficiency of 54% with Controlled-Reversed Inhomogeneous Broadening with forward retrieval [9, 27] . Although Raman memories do not have an efficiency limit for forward retrieval [11] , the timereversal symmetry of backward retrieval is predicted to yield a higher efficiency if the optical depth is held constant.
Contrary to previous Raman memory experiments operating at very large detuning with ultra-short pulses [11, 16, [28] [29] [30] [31] [32] , the signal can be incoherently absorbed by the excited level, which fundamentally limits the memory efficiency. At an OD of 500, we note that this incoherent absorption accounts for more than 5% loss, which is experimentally verified by comparing the forward detector signal with and without atoms.
Memory lifetime
The storage duration is determined by the delay of the read-out control beam, which can be controlled at will. The memory efficiency is measured after different storage durations, shown in Fig. 4 . The memory efficiency over time is fitted by the motional dephasing model described in [33] , which derives an efficiency of the form:
with efficiency at zero storage duration η 0 = 69±6%, diffusion and transit characteristic times τ D = 110 µs and τ T = 170 µs. Figure 4(a) shows the experimental efficiency measurement results. 
Delay-bandwidth product
We have employed the same protocol for the storage of shorter pulses, demonstrating large delay-bandwidth products with little compromise on the efficiency. To maintain a comparable efficiency, the control beams intensity had to be increased for shorter signal pulse widths and the memory was eventually limited by the available laser power, as well as the optical depth of the ensemble. The highest delay-bandwidth product of 160 was obtained for a signal with a 360 ns 1/e 2 -width, a storage efficiency after one pulse-width of 40% and a characteristic decay time τ = 60 µs. Figure 4(b) shows the reference experimental photodiode signal for the pulse to be stored in the memory, and the signals for recalls at times t 1 = 1.5 µs and t 2 = 41 µs.
Beam-splitting results
The implemented Raman memory can also be used as dynamically-reprogrammable array of beam-splitters, an application first demonstrated in Raman memories in [31] and depicted in Fig. 5 . The control power was chosen weak enough to read out only about 60% of the remaining atomic spin-wave with each recall pulse. This beam-splitting operation enables interference between the memory read-out and another input [34, 35] . This scheme of repeated weak recalls has also been shown to enable a doubly-exponential enhancement on the scaling of continuous-variable entanglement distillation [36] . The input light is partially converted to a spin-wave and the rest leaks through the atomic ensemble and is detected on the photodiode. It is estimated about 35% of the light that is absorbed is not mode-matched to be efficiently recalled, in this short-pulse configuration. At the given control beam intensity, each retrieval pulse extracts only about 60 ± 4% of the stored spin-wave, the remainder is left for a subsequent retrieval step. The memory decay between retrievals is ignored at this time scale.
Discussion
Phase-matching between the spin-wave and the optical fields is known to determine the direction of the retrieved signal [37] and has also been shown to impose a limit on the achievable efficiency of memories in forward-and backward-retrieval configurations [28] . The memory efficiency benefits from the backward-retrieval geometry of our realisation, as it more than doubles the record storage-and-recall efficiency for a Raman memory [14] . We have also found that the memory lifetime is limited by atomic motion, which causes the blurring of the spin-wave. This had been predicted as a main limitation on the backward-retrieval Raman memory scheme [28, 38] . Few experiments employ elements of a symmetrical geometry in Raman systems, although this symmetry is found to enhance the conversion of light to spin-waves [39, 40] . To our knowledge, however, our realisation is the first Raman memory with backward retrieval.
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